The purpose of this study was to determine finite helical axes for passive knee joint motions in vitro and to evaluate the descriptive value of the finite helical axes for step-by-step Rexion motions, with respect to consistency and reproducibility. An accurate Roentgenstereophotogrammetric system was used for motion measurements. Four knees were tested in a motion and loading rig with one and the same experimental protocol. A fifth specimen was used to study the effects of some of the experimental conditions on the axis parameters. On the basis of earlier reported motion characteristics in terms of Euler rotations and translations, two motion pathways were chosen to be reported here: a flexion motion with an internal torque of 3 Nm and one with an external torque of 3 Nm on the tibia. The positions and orientations of the axes were described relative to the insertions of the four major ligaments and the geometry of the articular surfaces of the femur. and also as intersections with a medial and a lateral sagittal plane. The threedimensional patterns of the helical axes of the four knee specimens were found to be highly reproducible and consistent for each of the two motion pathways. The axis patterns were not unique, but reflected the particular combination of Rexion and axial rotation for each particular motion pathway. Although small. the helical translations indicated medial motions of the tibia relative to the femur. This medial helical translation was more pronounced for the internal pathway compared with the external pathway. Above 70 Rexion. the axes move posteriorly relative to the femur.
INTRODUCTION
The rotation axis or, more precisely. the helical axis, is a useful tool for describing kncy joint motions, although its popularity in the contemporary biomechanics litcraturc is agected by the poor consistency and reproducibility of the early results (e.g. Blacharski et al., 1975) . '*'he purpose of this paper is to describe linite helical axes for passive step-by-step flexion motions, on the basis of earlier reported passive in oitro motion characteristics of human knees (Blankevoort et ul., 1988). and to evaluate the descriptive value of the tinitc helical axis with respect to its consistency and reproducibility.
In most kinematic analyses of human joints, a continuous motion is simulated by a sequence of linite motion steps of one bone of the joint relative to the other. Each joint position can be described by three translational components and three Euler (or Cardan) rotations, relative to the coordinate systems applied to the two bones comprising the joint. Another descriptive method is thefinite helical axis, which describes a motion step as a rotation about and a translation along an axis. In the Euler description method, the values of the translations depend on the particular choice of the locations of the origins of the coordinate systems (Blankevoort et al., 1988) . The values of the Euler rotations about the axes of the coordinate system depend on the specified rotation sequence and the precise idcntitication of the directions of the Receirrd in fincllfirrm 31 May 1990. coordinate axes relative to the joint anatomy (Blankevoort et ~1.. 1988). Nevertheless, with a generally accepted agreement on the definition of the coordinate system, the rotation parameters arc useful for characterizing knee joint motion in relation to anatomical descriptions (Good and Suntay. 1983). Motion descriptions by using (finite) ccntcrs of rotations for planar motions or by (finite) helical axes for spatial motions, arc in fact independent of the chosen coordinate systems, since the value of the rotation about the rotation center or the helical axis and the value of the translation along the axis are invariant to coordinate transformations. Although the position of a rotation center, or the position and the direction of a helical axis, are represented relative to a coordinate system, both can be described relative to the anatomical landmarks of a joint, in which case the precise identification of the coordinate axes is of less importance. The translations along the helical axis represent a real (invariant) translation in three-dimensional space, as opposed to the translations of the origins of the coordinate systems. However, the helical axis description method also has disadvantages. The axis is not defined for pure translations and the position and The helical axes as obtained with three-dimensional techniques such as measurements with six degrees of freedom spatial linkages (e.g. Shiavi et al., 1987a, b). Roentgenstcreophotogrammetry (van Dijk et al., 1979; van Dijk. 1983 ). or optoelectronic techniques in combination with data smoothing(e.g. Ramakrishnan et al.. 1987) . were not always consistent, despite sufficient accuracy or noise reduction. The poor reproducibility of the helical axes is probably caused by the variations of the spatial motions between the individual specimens within a study. On the other hand however, if the motion patterns arc similar between individual specimens, then the helical axes should also be similar. This study was therefore focused on helical axes of passive knee joint motions, which were found to be reproducible between individual joint specimens.
METHODS

Experimental procedure
The finite helical axes were determined from position data of bone markers of in vitro experiments on four human knees, numbered l-4, of which two were bilateral (specimens 3 and 4). The experiments and the resulting kimematic characteristics in terms of Euler rotations and translations were described extensively in a previous paper (Blankevoort et al.. 1988) . The experimental procedures are summarized in this section.
The freshly frozen and pre-experimentally thawed knee specimen was cut I5 cm above and below the joint line and fixed into a motion and loading apparatus, allowing the tibia six degrees of freedom of motion relative to the femur. The tlexion angle was prescribed. The joint was moved through tlcxion in subsequent flexion steps while cxtcrnal loads were applied. At each flcxion angle the relative positions of the bones were measured by using Rocntgenstcreophotogrammetry (RSA, Sclvik. 1974) . For this purpose six tantalum pellets were inserted into the cortex of each bone prior to the experiments. The two-dimensional positions of the projections of these markers on the Roentgen films, as exposed by two separate Roentgen tubes, were measured by a two-dimensional digitizer and used to calculate the spatial coordinates of the markers. The three-dimensional marker coordinates were used to calculate the kinematic parameters which described the motion from one position of the joint to another. The accuracy of the spatial positions of the markers is reported to be better than 0.05 mm (standard deviation) (Blankevoort et al., 1988 ). The coordinate system was defined by a calibration proadure for the unloaded joint in extension (Blankevoort et al., 1988) . The origins of both the tibia1 and femoral coordinate systems coincided for the joint in extension and were located at the tibia1 insertion of the most posterior bundle of the anterior cruciate ligament. The positive x-axis pointed medially. the positive y-axis proximally and the positive z-axis anteriorly.
Each knee was tested in a number of flexion series with a speciftc loading configuration. A tlexion series consisted of a number of subsequent Rcxion positions from extension to approximately 95" of Rcxion. The two motion pathways reported here were an external and an internal motion pathway, which were obtained by loading the joint with an external torque or an internal torque of 3 Nm about the long axis of the tibia during the tlexion motion. These two flexion motions along the limits of internal and external rotation were found to be reproducible between individual joint specimens and were not susceptible to additional external loads (Blankevoort et al., 1988) .
After the experiments, the joint was dissected and the ligaments were exposed. The peripheral fiber bundles of the four major ligaments were macroscopitally identified and their insertions were marked by placing additional tantalum pellets at the corresponding extremes of the insertion area. An additional Roentgen double exposure was evaluated to determine the coordinates of these ligament markers relative to the femoral and tibia1 coordinate system, respectively (van Dijk et al., 1979) . Finite helical motion is described by the rotation 8 about and the translation t along the helical axis, its (unit) direction vector n and the position vector s (Fig. 1) the geometry of the articular surfaces, which were measured with stereophotogrammetric techniques (Huiskes et (II., 1985; Meijer et al.. 1989 ). The third representation, which was also used in this study, gave the intersections of the axes with two sagittal planes. which were located 50 mm lateral and 50 mm medial off the center of the joint. Each axis was associated with particular rotation and translation magnitudes. Specimens 1 and 2 were tested with seven variable flcxion steps ranging from 5 to 30". whereas specimens 3 and 4 were tested with six, more-or-less constant, flexion steps between 15 and 20". This might have given rise to flexion-step related differences in the comparison between the individual specimens. Thcrefore, an additional experiment was performed on a fifth knee specimen. The same experimental protocol was used, but in this case only an internal motion pathway was measured with small flexion steps. Instead of 6 or 7 flexion steps, the joint was moved through flexion in 25 steps. According to Woltring et al. (1985) , the effect of the measurement errors on the direction and position parameters of the helical axis is inversely proportional to the magnitude of the motion step. In order to exclude this effect in the present comparison of the variable motion steps, a noise reduction of the position data of the femoral markers relative to the tibia1 coordinate system was applied by using GCVSPL (generalized cross-validatory spline smoothing; Woltring. 1986). This technique uses a quintic spline whereby the amount of smoothing is determined by means of generalized cross-validation. This procedure has been applied successfully by de Lange et al. (1990b) for the analysis of carpal bone motions, using RSA. From the smoothed data set with small motion steps. two data sets of joint positions were selected. which were similar to the sets of joint positions with large motion steps of the first four joints. The helical axes of the three data sets of the same motion, with small and large motions steps, are compared.
ACCURACY
The accuracy of the helical axis parameters depends on the accuracy of the spatial reconstruction of the markers, the number of markers, the relative positions of the markers in the bone, the rotation about and the translation along the axis (Woltring et al., 1985). The precision of the helical axis parameters and the derived parameters were estimated by remeasuring the Roentgenograms of particular flexion series and by actually repeating particular flexion series.
The Roentgenograms of two tlexion series of specimen 4 were digitized for the second time and the process of the reconstruction of the marker positions and the calculation of the helical axis parameters was repeated. Consequently, two sets of parameters were obtained, the original and the remeasured set. These two sets of duplicate values were then used to calcu-late, for each parameter, the standard deviation according to (Mikhail, 1976 Table I . Because the intersections of the axis with the sagittal planes depend on both the direction and the position of the axis, the intersection errors will also be inversely proportional to the amount of helical rotation, if the axis intersects perpendicularly with the sagittal plane. Higher intersection errors may occur with oblique intersections, depending on the angle of intersection. Since the relative error of the helical rotation is much smaller than the relative pitch error, the absolute pitch error is approximately equal to the translation error divided by the amount of helical rotation, which means that the pitch error will vary between 0.03 and 0.007 mm per degree for rotation angles between 5 and 30" respectively.
RF.SUtJS
The finite helical axes for an internal motion pathway with small motion steps (specimen 5) are shown relative to the tibia1 anatomy in Fig. 2(a) and relative to the femoral anatomy in Fig. 2(b) . In Figs 2(a) and (b) the location of thecoordinate axes and the two sagittal planes are indicated. In the subsequent representation of the results, the helical axes arc represented relative to the femur. Figure 3 shows the internal rotation as (4 Fig. 2(a) .
Helical axes of passive knee joint motions functions of tlexion and the axis patterns for the internal motion pathway of a moving tibia relative to a tixed femur for three sets of motions steps taken from the additional experiment with specimen 5. Firstly [Fig. 3(a) ]. all subsequent positions were selected from the experiment and the helical axes were determined for small motion steps of 3-5". Secondly [Fig. 3(b) ], a set of joint positions was selected in such a way that the resulting motion steps were similar to the motion steps of the experiments with specimens 1 and 2. Thirdly [Fig. 3(c) ]. a set ofjoint positions was selected, resulting in large motion steps of similar size as the motion steps of the experiments with specimens 3 and 4. Hence, of the same motion pathway three representations were obtained. which rcflccted the effects of the choice of the number and size of the motion steps on the helical axes representations of the motion pathway. The pitches associated with the axes arc shown in Fig. 4 as functions of Aexion. It is cvidcnt when comparing the results in Figs 3 and 4 . that by using a larger motion step, the essential characteristics of the axis patterns are retained as compared to the motion with small motion steps. Hence. the axis patterns for the larger motion steps seem to be a good representation for a continuous motion pattern.
The finite helical axes for an internal and an external motion pathway of one specimen (specimen I) are shown in Fig. 5 Fig. 6 , where the intersection patterns are given of all four specimens for both motion pathways.
as projections on the horizontal and transversal planes together with the locations of the femoral insertions of ligaments and the contours of the femoral geometry. With respect to the locations relative to the ligament insertions and the articular geometry, the axis patterns of the other three specimens are very similar. The spatial patterns of the axes during flexion motions are also very reproducible among the four specimens, as is shown in
For both motion pathways the similar general characteristics of helical axis patterns can be noticed. The first flexion steps are accompanied by axial rotation, hence the first axes are oblique if viewed in the frontal plane. As fiexion progresses, the contribution of the axial rotation decreases and the axes become more horizontal. As viewed in the transversal plane, the axes move posteriorly above 70" flexion. Measured in the mid-sagittal plane, the amount of posterior shift during the external motion pathway is 8 mm on the average, ranging between 7 and 9 mm, and for the internal motion pathway is also 8 mm on the average, ranging between 6 and 9 mm. The difference between the internal and the external motion pathways is represented in the orientation of the axes, in the sense that the axial rotation is reversed, which gives a reversed oblique direction in the frontal plane. Another difference between the internal and external motion pathways is the somewhat different oricnta-Con in the transversal plane, in the sense that the lateral intersections are shifted 5 mm posteriorly with internal rotation as compared 10 external rotation (Fig. 6) . The helical translations are variable, partly due to the variable helical rotation steps between the specimens. The sum of the subsequent helical translations over the whole Rexion motion from extension to 100" flexion varies between 0. 5 and 2.1 mm for the external  motion pathway and between 2.5 and 3.9 mm for translation is positive, which means that the translation is directed medially. The pitch is positive over the whole flexion range, although it is small and sometimes barely exceeds the pitch error for the repeated reconstruction. For the internal motion pathway the pitch varies between 0.01 and 0.08 mm per degree, and for the external motion pathway the pitch varies between -0.03 and 0.05 mm per degree (Table 2) . 
DtSCUSStON
Centers of rotation for planar motions, and hclicitl axes for spatial motions of the human knee joint
TRANSVERSE PLANE
received ongoing interest from the early functional anatomists. like Weher and Weber (1836). to contemporary biomechanicians. They served as a method to relate joint motions to the joint anatomy, particularly to the geometry of the ligaments and the articular surfaces. as was studied extensively in twodimensional analyses (e.g. Menschik. 1974; Huson. 1974) . The relationships between the centers of rotation and the ligament geometry served as guidelines for the development of ligament reconstruction techniques (Miiller, 1983) .
For joints with more than one degree of freedom of motion, the motion axes are not unique but depend on the actual motion pathway. If the knee is considered as a system with at least two degrees of freedom of motion, i.e. flexion and axial rotation, with motion limits defined by the envelope of passive motion (Blankevoort et al., 1988) . then different motions within the envelope can occur about different helical axes (Fig. 7) . For example. pure flexion occurs about a horizontal axis, pure axial rotation about a vertical axis and a combination of these two about an oblique axis. The helical axes then depend on the particular motion pathway within the motion envelope. The second consequence of the envelope of motion is that only small loads are needed to move the joint within its motion envelope and, as a conseqeuncc, the motions are very susceptible to small changes of external lo;1ds. If , 1990a) . but the reported axis patterns in more accurate studies only represented the particular motion pathways within the envelope and were not reproducible between the studies (van Dijk, 1983; Hartfel et al.. 1987; Ramakrishnan et al.. 1987 ). The comparison between the different studies seems inappropriate, as for example in comparing in vi00 studies with in oirro studies, the conclusion may be drawn that the helical axis patterns in these studies depended mainly on the particular motion pathways and not on the inaccuracies of the measurement techniques and data processing.
Variations of the loading conditions, either caused by external factors such as external load control, or by internal factors such as anatomical variations between individuals, can cause large variations of motion pathways within the envelope ol motion. It must also be recognized that in in uioo studies, the joint motion produced within the envelope of motion depends on the specific task that is performed. due to the variable muscle coordination and external loads. For example, motion pathways will be different between normal level walking and running. Reproducible axis patterns can only be found for the same motion pathways, which are reproducible in a sense that they are not susceptible to small load variations. in a previous study of Blankevoort et al. (1988) on passive knee joint motions, reproducible motions were found to be motions along the envelope of passive motion. The envelope of passive motion is relatively insensitive to moderate axial compression forces and AP-forces. In this study the choice was made to focus on finite helical axes for motions along the envelope of passive motion, i.e. flexion motion with either an internal or an external applied torque of 3 Nm. The positions and orientations of the subsequent finite helical axes relative to the joint anatomy were reproducible for each of these two motion pathways in the four tested joint specimens. The general characteristics were, to a certain extent, not affected by the magnitudes of the subsequent motion steps. The axes were oblique relative to all anatomic planes and reflected the combination of flexion and axial rotation. The helical translation is a 'pure' translation as opposed to the translation of the origin of the moving body relative to the coordinate system of the fixed body, because the latter depends on the specific anatomic locations of the origins (Blankevoort cr 41..  1988) . In the present experiments, the helical translation was expressed as the pitch, by normalizing the translation relative to the helical rotation. The pitch was found to be small and variable among the individual specimens. The variations may be explained by the pitch error for repetition of the experiment, which is relatively large as compared to the absolute pitch values. The pitch was directed medially and was more pronounced for the internal motion pathway as compared to the external motion pathway. This means that the knee makes a screw-like motion, combining the rotation about an axis with a translation along the axes. The posterior shift of the helical axis with increasing flexion is not related to the helical translation or the pitch, but is comparable to the In the planar four-bar-linkage model of the knee. the instant center of rotation is located at the intersection of the rigid bars which represent the anterior and posterior cruciate ligaments. In this study. the helical axes intersected, in nearly all cases, the space located in between the femoral insertions of the cruciate ligaments, which would suggest an important functional role for the cruciate ligaments for both internal and external motion pathways. But the actual recruitment of the ligaments should then be taken into account as well. For the external motion pathways the lateral (LCL) and medial (MCL) collateral ligaments are recruited, whereby a functional shift occurs from the posterior ligament fibers to the anterior fibers (Huiskes et al.. 1984) . For Rexion angles higher than 40". also the anterior bundle of the posterior cruciate ligament (PCL) is recruited for the external motion pathway (Huiskes et al.. 1984) . This means that for this motion, the motion control of the LCL, MCL and the PCL, in combination with the articular geometry, results in the particular pattern of helical axes as found in the present study (Fig. 5) . It can be noticed that for external rotation the axes are closer to the LCL and the PCL as compared to axes of the internal motion pathway. For the internal motion pathway, the anterior cruciatc ligament (ACL). the posterior bundle of the PCL and the MCL are recruited (Huiskes et al.. 1984) . which may explain the axes being closer to the ACL insertions as compared to the external motion pathway. These observations suggest that the cruciate ligaments are not only responsible for the location of the helical axes, but that also the collateral ligaments may be important in this respect. The real value of the helical axes as a way to describe the functional relationships between passive knee joint motions and the anatomic structures may evolve from studies which use advanced mathematical models of the knee (Wismans et al.. 1980; Blankevoort and Huiskes. 1987) taking into account compliant ligaments and their anatomic insertions and the geometry of the articular surfaces.
INTERNAL ROTATION
30'-EXTERNAL ROTATION
It is concluded that reproducible finite helical axes can be found for passive knee joint motions, provided that accurate measurement techniques are used and reproducible motion patterns are prescribed. The axes are not unique, but depend on the particular motion pathway. For internal and external motion pathways, the axes arc oblique relative to all anatomic planes and reflect the combined occurrence of flexion and axial rotation. Their locations relative to the anatomic structures are reproducible among the different indi- 
